Viral particles preferentially incorporate extra-and intracellular constituents of host cell lipid rafts, a phenomenon central to pseudotyping. Based on this mechanism, we have developed a system for the predictable decoration of enveloped viruses with functionally active cytokines that circumvents the need to modify viral proteins themselves. Human interleukin-2 (hIL-2), hIL-4, human granulocyte-macrophage colony-stimulating factor (hGM-CSF), and murine IL-2 (mIL-2) were used as model cytokines and fused at their C terminus to the glycosylphosphatidylinositol ( 
The augmentation of immune responses against antigens by the coadministration of appropriate adjuvants became general practice following the demonstration by Ramon more than 80 years ago that increased antitoxin responses in the presence of "helper substances" can be achieved (reviewed in references 3 and 21). Adjuvants can be separated into agents causing depot formation, vaccine delivery systems, and immunostimulatory agents (66) according to their modes of action, although several adjuvants consist of complex formulations and belong to more than one category. The delivery systems are mostly particulate formulations and function mainly by targeting associated antigens to antigen-presenting cells (52) . In contrast, immunostimulatory adjuvants such as lipopolysaccharide, monophosphoryl lipid A, or CpG DNA primarily activate cells of the innate immune system (3). Meuer and others have described a more direct approach to promote immune system function during vaccination. In their studies, soluble cytokines coadministered with antigen were found to overcome nonresponsiveness to, e.g., hepatitis B virus vaccination in immunodeficient individuals (42, 43, 51) . Rabies virus and herpes simplex virus vaccines supplemented with interleukin-2 (IL-2) were found to be successful in animals at about the same time (50, 76) . Subsequently, other cytokines have been evaluated as adjuvants in a variety of experimental vaccines (22, 23, 25, 26) . In a related approach, naked DNA or recombinant vaccine strains have been engineered to express soluble cytokines upon administration to the host (6, 7, 24, 27, 35, 36) . Similar methods have been applied to enhance the immunogenicity of tumor cells for therapeutic oncolysis (38, 54) or to substitute essential hematopoietic growth factors (9, 34) . Frequently, however, the introduction of soluble cytokines leads to undesired systemic adverse reactions (2, 18, 37, 71) . In order to restrict the action of cytokines to the site of administration, several groups have resorted to the membrane attachment of cytokines to, e.g., tumor cells modified for vaccination purposes (12, 17, 69, 80) .
In this paper, we address the feasibility of designing a simple and versatile system for the decoration of viral particles with biologically active cytokines. For that purpose, we have built upon and explored the recently elucidated mechanism responsible for viral pseudotyping (39, 49, 56, 63) . Pseudotyping is the consequence of a mixed infection of a host cell with two different enveloped viruses, which results in the production of virus progeny with chimeric envelope constituents, i.e., in which the core of one virus is circumscribed by a lipid envelope bearing both its own envelope protein and the envelope protein of the second virus (13, 29, 30, 82) . We and others have shown that detergent-insoluble lipid rafts of the plasma membrane function as a natural meeting point for the transmembrane and core components of a phylogenetically diverse collection of enveloped viruses (39, 49, 56, 63) and hence represent the biological basis for the pseudotyping phenomenon. This phenomenon is driven at least in part by posttranslational lipid acylation of viral envelope and core proteins, leading to their enrichment in the lipid-ordered domains, also called lipid rafts, of the plasma membrane (48, 61, 64, 78, 79) .
As a proof of principle, we have evaluated the ability of membrane-anchored human and murine cytokines to "pseudotype" Moloney murine leukemia virus (MoMLV) particles. For this purpose, we have fused the cytokine gene products at their C termini to the glycosylphosphatidylinositol (GPI) anchor attachment sequence of CD16b, a well-defined GPI-anchored molecule of human granulocytes (65) . Here, we show that this leads to the efficient surface expression of biologically active cytokines on virus-like particles (VLP) as demonstrated in vitro and in vivo. Targeting different varieties of cytokines to viral envelopes might help to raise the immunogenicity of virus preparations. In addition, viruses or VLP decorated with cytokines might become useful experimental tools for the ex vivo expansion of diverse hematopoietic and nonhematopoietic precursor/stem cell populations and might lead to the development of improved viral gene therapy vehicles in the future.
MATERIALS AND METHODS

Cell lines and primary cells.
A laboratory isolate of the 293 cell line (human embryonic kidney epithelial cells) was maintained in IMDM (Sigma Chemicals, St. Louis, MO) plus 10% fetal calf serum (Invitrogen, Carlsbad, CA) supplemented with 2 mM L-glutamine, 50 M 2-mercaptoethanol, and 15 g/ml gentamicin sulfate. A stable transfectant of the 293 cell line expressing a single-chain variable fragment (scFv) of the CD3ε-specific hybridoma OKT3 attached to the CD14 molecule (OKT3scFv::GPI) was established and grown in the presence of 1 g/ml of puromycin (Sigma Chemicals, St. Louis, MO) as described elsewhere (16) . Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood of healthy adult donors upon informed consent by standard density gradient centrifugation with Lymphoprep (Technoclone, Vienna, Austria). Purified CD14 ϩ monocytes (Ͼ95%) were obtained by positive selection with CD14 monoclonal antibodies (mAbs) (Miltenyi Biotech, Bergisch Gladbach, Germany) as described previously (55) .
Plasmid constructs and transfections. The human IL-2 (hIL-2)-specific cDNA sequence was amplified with primers IL-2 for (5Ј-CGCGGGAAGCTTGCCAC CATGTACAGGATGCAACTCCTG) and IL-2 rev (5Ј-CCCGCGGCTAGCG CCGCCGCCAGTCAGTGTTGAGATGATGC) from clone pTCGF-11 (ATCC 39673; American Type Culture Collection, Manassas, VA), which is derived from phytohemagglutinin (PHA)-activated peripheral blood cells. The murine IL-2 (mIL-2)-specific cDNA sequence was amplified with primers mIL-2 for (5Ј-CC CGCGAAGCTTGCCACCATGTACAGCATGCAGCTCGC) and mIL-2 rev (5Ј-CGCGGGGCT AGCGCCGCCGCCTTGAGGGCTTGTTGAGATGATG) from clone pcDmouseIL-2[MT-1] (ATCC 39892; American Type Culture Collection, Manassas, VA), which is derived from concanavalin A-induced T-cell line LB2-1. The hIL-4-specific cDNA sequence was amplified with primers IL-4 for (5Ј-CGCGGGAAGCTTGCCACCATGGGTCTCACCTCCCAACTG) and IL-4 rev (5Ј-CCCGCGTCTAGAGCCGCCGCCGCTCGAACACTTTGAATA TTTCTC), from clone pcD-IL-4 (ATCC 57592,), which is derived from the concanavalin A-activated T-helper cell line 2F1. The human granulocyte-macrophage colony-stimulating factor (hGM-CSF)-specific cDNA sequence was amplified with primers GM-CSF for (5Ј-CCCGCGAAGCTTGCCACCATGTGG CTGCAGAGCCTG) and GM-CSF rev (5Ј-CGCGGGGCTAGCGCCGCCGC CCTCCTGGACTGGCTCCCA) from clone pCSF-1 (ATCC 39754), which is derived from the hairy cell leukemia line Mo. At the 5Ј ends of the cytokine cDNAs, optimized translational initiation sites preceded by a HindIII restriction site were inserted. The 3Ј stop codons of the cytokine genes were replaced with an NheI restriction site to allow fusion with the CD16 GPI anchor acceptor sequence. After amplification, digestion with restriction enzymes, and gel purification, the DNA fragments were ligated into the pEAK12-CD80::CD16 plasmid from which the CD80 ectodomain had been released (16) . For the construction of IL-2 fusions with transmembrane/intracellular (TM) regions of type I transmembrane molecules, the CD16 GPI anchor acceptor sequence was replaced by CD80 or CD99 transmembrane/intracellular regions. For that purpose, we amplified CD80 with CD80 for (5Ј-CGCGGGGCTAGCTGGGCCATTAC CTTAATCTCAGTA) and CD80 rev (5Ј-CGCGGGCCGGCCGCTTTATACA GGGCGTACACTTTCCCTTC) from pEAK12-CD80 (16) and CD99 with CD99 for (5Ј-CGCGGGGCTAGCGTGATCCCCGGGATTGTGG) and CD99 rev (5Ј-CCCGCGGCGGCCGCTTTATTTCTCTAAAAGAGTACG) from a human endothelial cell library (Edge Biosystems, Gaithersburg, ME). Correctness of the constructs was determined by DNA sequencing. Original MoMLV gag-pol (OGP) was expressed using the mammalian expression vector pMD.gagpol (53) , kindly provided by R. Mulligan (Children's Hospital, Boston, MA). The expression constructs harbored in pEAK12 and coding for human CD54::GPI, CD80::GPI, and OKT3scFv::GPI and mouse H-2D b ::GPI and ␤ 2 -microglobulin (m␤ 2 m) and the peptide minigene coding for amino acids 33 to 41 of the lymphocytic choriomeningitis virus glycoprotein (LCMV-GP [33] [34] [35] [36] [37] [38] [39] [40] [41] ) were designed and constructed as described previously (16) .
Immunofluorescence analyses. For membrane staining, 5 ϫ 10 5 293 cells were incubated at 4°C with the fluorochrome-conjugated IL-2-specific mAb MQ1-17H12, the IL-4-specific mAb MP4-25D2, and the GM-CSF-specific mAb BVD2-21C11 conjugated with phycoerythrin (PE) (Caltag, Burlingham, CA); the CD59-specific mAb MEM-43 (kindly provided by Horejsi, Academy of Sciences, Praha, Czech Republic); the CD99-specific mAb 3B2/TA8 (Caltag); or an irrelevant control mAb (VIAP, recognizing calf intestinal alkaline phosphatase, kindly provided by Majdic, Institute of Immunology, Vienna, Austria) used at a concentration of 20 g/ml for 30 min. After washing the cells twice with phosphate-buffered saline (PBS)-1% bovine serum albumin, the resulting membrane fluorescence was analyzed on a FACSCalibur flow cytometer supported by CellQuest software (Becton Dickinson, San Jose, CA). Phosphatidylinositolspecific phospholipase C (PI-PLC) treatment of 293 cells with PI-PLC from Bacillus thuringiensis (American Radiolabeled Chemicals, St. Louis, MO) was performed according to the manufacturer's recommendations. Briefly, 293 cells were washed in PBS without Ca 2ϩ and Mg 2ϩ and resuspended at a concentration of 1 ϫ 10 7 cells/ml in PBS. 100 mU of PI-PLC was added to 1 ϫ 10 7 cells and incubated at 37°C for 2 h. Subsequently, cells were washed in PBS-1% bovine serum albumin and subjected to membrane staining.
Generation of VLP. For the generation of VLP, 293 cells were transiently transfected using the modified calcium phosphate precipitation method (32) as described previously (16) . Briefly, 1 day prior to transfection, wild-type 293 cells or 293 cells stably expressing OKT3scFv::GPI were seeded onto 100-mm culture dishes at a concentration of 3 ϫ 10 6 cells and were transfected the day after with 2 ml transfection mix. Total DNA amounts of 30 g per dish included 7.5 g of the MoMLV original gag-pol (OGP) encoding plasmid pMD.gagpol and, as indicated, expression plasmids in pEAK12 encoding membrane-bound hIL-2::GPI, mIL-2::GPI, hIL-2::TM(CD80), hIL-2::TM(CD99), hIL-4::GPI, hGM-CSF::GPI, hCD80::GPI, hCD54::GPI, H-2D b ::GPI, m␤ 2 m, and the LCMV-GP 33-41 minigene. If necessary, DNA amounts were adjusted with a control vector (empty pEAK12 vector or, where indicated, full-length CD16b in pEAK12). Eighteen hours to 24 h after transfection, medium was changed. Supernatants (10 ml) were harvested 3 days after transfection and cleared of cellular debris by filtration through 0.45-m syringe filters (Millipore, Billerica, MA), concentrated by ultracentrifugation in a Beckman-Optima LE-80K centrifuge (Beckman Instruments, Palo Alto, CA) using an SW41 Ti rotor at 100,000 ϫ g for 1 h, and washed once in a large volume of PBS. Amounts of VLP were determined by standard protein assay (Micro BCA; Pierce) and adjusted to protein concentrations as described above for individual experiments. If required, they were sterile filtered through 0.22-m syringe filters (Millipore) and used directly or, alternatively, stored at Ϫ80°C, which did not alter the functional activities of VLP (not shown). Blots were developed with a luminol-based indicator system (Western lightning; Perkin-Elmer, Boston, MA) and exposed to X-ray films (Eastman Kodak, Rochester, NY).
Electron microscopy. VLP of gag-pol (OGP)-transfected 293 cells that were cotransfected with hIL-2::GPI or control vector were pelleted and washed by ultracentrifugation as described above. VLP were loaded onto Formvar-carboncoated electron microscopy grids for 20 min and fixed in 2% paraformaldehyde for 30 min. After quenching with PBS-50 mM glycine, samples were immunogold labeled by incubation with mouse anti-human IL-2 antibody IL-2.1E7 mAb or the isotype-matched control mAb VIAP (immunoglobulin G1 [IgG1]), followed by rabbit anti-mouse Ig (Dakopatts, Denmark) and protein A coupled to 10-nm gold particles (Cell Microscopy Center, AZU, Utrecht, The Netherlands). After washing with PBS, samples were postfixed in 1% glutaraldehyde and contrasted and embedded with a mixture of 2% methylcellulose-.4% uranyl acetate (pH 4). Observations were made with a CM120 Twin Phillips electron microscope (FEI Company, Eindoven, The Netherlands) equipped with a KeenView digital camera (Soft Imaging System, Germany).
Differentiation of CD14 ؉ monocytes towards dendritic cells (DC). Highly purified CD14
ϩ peripheral blood monocytes were cultured at a cell density of 2 ϫ 10 6 cells/ml in 24-well culture plates (Becton Dickinson, Franklin Lakes, NY) in RPMI 1640-10% fetal calf serum medium alone, in medium containing undecorated VLP (5 g/ml), or in medium containing VLP bearing hIL-4::GPI plus hGM-CSF::GPI (5 g/ml) at 37°C in a humidified CO 2 -containing atmosphere for 5 to 8 days. As a positive control, a combination of soluble recombinant hGM-CSF (500U/ml) and hIL-4 (1000 U/ml) was used (Peprotech, London, United Kingdom). Based on the biochemical data, amounts of hIL-4::GPI and hGM-CSF::GPI added to the cultures were estimated to range between 100 and 1,000 U/ml assuming similar activities for soluble and membrane-bound cytokines.
Determination of cellular morphology of differentiated monocytes. Aliquots (50 l) of CD14 ϩ monocytes cultured for 5 to 8 days with the indicated soluble or membrane-bound cytokine combinations, undecorated VLP, or medium alone were centrifuged at 100 ϫ g for 5 min onto microscope slides using a Cytospin-2 centrifuge (Shandon Southern Products, Astmoor, United Kingdom), followed by staining with May-Grünwald-Giemsa solution and analysis by light microscopy on a Nikon Eclipse E600 microscope (Nikon, Tokyo, Japan).
T-cell stimulation assays. PBMC (10 5 /well) were incubated with the indicated VLP preparations (2 g/ml) or controls (5 g/ml PHA or medium) in 96-well plates in triplicates (final volume, 200 l). CD3 mAb OKT3 (eBioscience, San Diego, CA), CD28 mAb 28.2 (BD Pharmingen, San Jose, CA), and/or control mAb VIAP was coated onto 4.5-m goat anti-mouse IgG magnetic beads (Dynabeads, Dynal Biotech) at 150 fg per bead and was used at a bead-to-cell ratio of 1:1. Recombinant, soluble hIL-2 was purchased from Peprotech (London, United Kingdom) and used at the indicated concentrations. After spin inoculation by centrifugation (62) in a Sigma 4K15 centrifuge (Sigma, Osterode, Germany) using rotor 11150 at 900 ϫ g for 2 h at 30°C, plates were incubated for 3 days in a humidified atmosphere at 37°C and then pulsed with [methyl-
3 H]thymidine (1 Ci/well) for 18 h, and their DNA was collected onto filter plates (Packard, Meriden, CT). Incorporated radioactivity was quantified with a microplate scintillation counter (Packard).
Mice. P14 T-cell receptor (TCR) transgenic mice expressing TRVA2/TRVB8 TCR-specific LCMV-GP [33] [34] [35] [36] [37] [38] [39] [40] [41] in association with the H-2D b molecule have been described previously (57) and were kindly provided by R. M. Zinkernagel (Institute of Experimental Immunology, University Hospital, Zurich, Switzerland). Animals were kept under conventional conditions and were used for experiments at 8 to 16 weeks of age.
In 
RESULTS
Construction of membrane-anchored forms of human cytokines by replacement of intrinsic stop codons with GPI anchor acceptor sequences. The coding sequences of hIL-2, hIL-4, and hGM-CSF as well as of mIL-2 were PCR amplified from cDNA clones with specific oligonucleotides, as detailed in Materials and Methods. The naturally occurring stop codons of the cytokines were replaced by a polyglycine spacer (8, 31) , followed by the GPI anchor acceptor sequence (5, 73) of the human Fc␥ receptor III, CD16b (65) (Fig. 1A) . For this purpose, we took advantage of a CD80::GPI expression cassette based on CD16b, which was originally designed to target costimulatory transmembrane molecules to lipid rafts (16) . hIL-2 fused to the type I TM region of the type I transmembrane molecule CD80 or CD99 served as a control. The constructs were cloned into the pEAK12 expression vector under the control of the EF-1␣ promoter.
Expression levels of GPI-anchored cytokines on 293 cells upon transfection. In order to check for proper surface expression of the modified cytokines, 293 cells were transiently transfected using the calcium phosphate precipitation method. Flow cytometric analyses of transfectants stained with mAbs specific for hIL-2, hIL-4, and hGM-CSF demonstrated that both the cytokines fused to GPI anchor acceptor sequences, i.e., hIL-2::GPI, hIL-4::GPI, and hGM-CSF::GPI, and the cytokine fused to a type I transmembrane/intracellular region, i.e., hIL-2::TM(CD99), are clearly expressed on the majority of viable 293 cells (Fig. 2) . mIL-2::GPI, hIL-7::GPI, hIL-15::GPI, and hIL-2::TM(CD80) revealed similar expression levels (not shown). In contrast, 293 cells transfected with empty vector DNA as a control did not express detectable levels of the indicated cytokines. Substantial proportions of the GPI-modified interleukins and growth factors are indeed attached to the cell membrane via GPI anchors as shown by their release upon coincubation with PI-PLC from B. thuringiensis (Fig. 2) . These experiments revealed that 59.5% Ϯ 5.5% of the hIL-2::GPI, 85.4% Ϯ 3.6% of the hIL-4::GPI, and 96.0% Ϯ 3.5% of the hGM-CSF::GPI were released from the cell surface of transfected 293 cells upon PI-PLC treatment (Table 1 and Fig. 2) . A clear-cut release was also observed for the constitutively expressed GPI-anchored molecule CD59 (94.2% Ϯ 1.8%), which served as a positive control. In marked contrast, both the transmembrane hIL-2::TM(CD99) fusion protein (3.5% Ϯ 1.5%) as well as the constitutively expressed type I transmem-brane molecule CD99 (2.5% Ϯ 1.5%) remained largely unaffected by PI-PLC treatment (Table 1 and Fig. 2) .
Human GPI-modified IL-2 is concentrated in lipid rafts and becomes targeted to VLP. As a proof of principle, we set out to decorate MoMLV core particles with GPI-modified cytokines (production scheme in Fig. 1B) . For that purpose, 293 cells were cotransfected with original MoMLV gag-pol (OGP) and hIL-2::GPI. As control molecules, hIL-2 fused to the type I membrane anchors of CD80 [hIL-2::TM(CD80)] and CD99 [hIL-2::TM(CD99)] were used. After 72 h, membrane fractionation experiments on producer cell lysates revealed that hIL-2::GPI localized exclusively to the lipid raft containing fractions 2 and 3 (Fig. 3A) . Comparable targeting was observed for the constitutively GPI-anchored molecule CD59 (not shown). In contrast, hIL-2::TM(CD80) and hIL-2::TM(CD99) were targeted mainly to fractions 6 to 9 of gradients containing detergent-soluble molecules. In parallel, VLP were harvested from cell culture supernatants, cleared of residual producer cells by filtration, and concentrated by ultracentrifugation. Two micrograms of VLP, equivalent to the amount of VLP in 1 ml of supernatant, was resolved by SDS-PAGE under reducing conditions and analyzed by immunoblotting. The VLP preparations were compared to whole-cell lysates derived from 1 ϫ 10 6 293 producer cells. Figure 3B shows the results obtained with the various hIL-2 fusion proteins, compared to 30 ng of soluble recombinant hIL-2, which served as a positive control. Significantly, only hIL-2::GPI was clearly targeted to VLP, although all three molecules were expressed at comparable levels in producer cells. That similar amounts of secreted particles and cell lysates were applied is shown by the loading control (Fig.  3C) . The hIL-2 fusion proteins had a distinctly higher molecular mass than the soluble hIL-2, which is likely caused by the additional mass brought about by the different membrane anchors. Similar shifts were obtained with other cytokines such as hIL-4::GPI and hGM-CSF::GPI (Fig. 4A ) and mIL-2::GPI (see Fig. 6C ). Neither cells nor VLP preparations of control vector-transfected cells showed a specific signal in the IL-2 immunoblot. The immunoblot analyses revealed that under these conditions, approximately 20 to 30 ng of IL-2 is expressed on 2 g of VLP. In order to directly test whether GPI-modified cytokines are able to decorate VLP, we performed immunoelectron microscopy analyses on various VLP preparations. Consistent with previous observations (16), electron microscopy showed spherical plasma membrane-like structures with an average diameter of ϳ100 nm in supernatants of producer cells. In agreement with the biochemical experiments described above, the transfection of producer cells with MoMLV gag-pol plus hIL-2::GPI led to the production of hIL-2-decorated VLP, which were clearly recognized by the hIL-2-specific mAb IL-2.1E7 (Fig. 3D, left) . In contrast, transfection of producer cells with MoMLV gag-pol plus control vector revealed undecorated VLP, which remained unrecognized by the hIL-2-specific mAb (Fig. 3D, right) . No staining of hIL-2-decorated and undecorated VLP was observed with the isotype control mAb VIAP (not shown).
VLP simultaneously decorated with hIL-4::GPI plus hGM-CSF::GPI are biologically active and induce differentiation of monocytes to DC. Highly purified CD14 ϩ monocytes can be differentiated towards DC in the presence of soluble hIL-4 plus hGM-CSF (55, 83) . To clarify whether VLP can be decorated with two cytokines simultaneously, expression levels of hIL-4::GPI and hGM-CSF::GPI were determined on VLP biochemically. For that purpose, 2 g of VLP preparations (equivalent to 1 ml of supernatant) was resolved together with 20 ng of the respective soluble cytokines by SDS-PAGE under nonreducing and reducing conditions and analyzed by immunoblotting. The VLP preparations were compared to wholecell lysates derived from 1 ϫ 10 6 293 producer cells. Figure 4A shows that approximately 1 to 10 ng of hIL-4::GPI and approximately 20 ng of hGM-CSF::GPI are expressed on 2 g of VLP, corresponding to 5 to 50 units of soluble hIL-4 and 250 units of soluble hGM-CSF, respectively, assuming equivalent biological activities of membrane-bound and soluble growth factors. To test whether VLP bearing these molecules would have similar functionality, we exposed purified monocytes to VLP produced from cells coexpressing the two cytokines as GPI fusion proteins. As a positive control, soluble hIL-4 plus hGM-CSF were applied, and as a negative control, VLP without membrane-bound cytokines ("undecorated VLP") or medium without further additions was used. After 7 days of stimulation, cell morphology was evaluated, and the expression of typical monocyte/DC marker molecules was determined (55) . Cultivation of monocytes with medium alone (not shown) or in FIG. 1. Diagram of GPI-modified cytokine constructs and scheme for production of cytokine-decorated VLP. (A) The cytokine coding sequences were PCR amplified and tailed with HindIII and NheI restriction sites, respectively. For optimal expression levels, the consensus transcriptional initiation site GCCACC was introduced upstream of the ATG codons. At the 3Ј end of the cytokine cDNAs, the intrinsic stop codons were replaced by a polyglycine linker sequence. After digestion with the indicated restriction enzymes, the cytokine genes were fused to the CD16b GPI anchor acceptor sequence located in the pEAK12 expression vector, directing gene expression by the EF-1␣ promoter. (B) Cytokines or immune receptors of interest are modified by GPI anchor acceptor sequences, which, upon transfection into 293 cells, target them to lipid rafts of the plasma membrane. Coexpression of original MoMLV gag-pol (OGP) induces the secretion of plasma membrane-derived VLP by the producer cell line. VLP harvested from the supernatant can be used directly or purified by ultracentrifugation in order to stimulate target cells.
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the presence of undecorated VLP did not lead to differentiation as revealed by cellular morphology (Fig. 4B) . In marked contrast, the addition of VLP coexpressing hIL-4::GPI plus hGM-CSF::GPI caused the monocytes to differentiate to typical DC with large cell membrane projections (Fig. 4B) . The dramatic changes in cell morphology induced by the VLPbound cytokines were also mirrored by characteristic changes in the marker profiles of the treated cells (Fig. 4C) . The signature DC marker molecule CD1a was induced, whereas the lipopolysaccharide coreceptor CD14 as well as the high-affinity Fc␥ receptor CD64 were repressed (Fig. 4C) . The resulting cells were indistinguishable in both morphology and marker profiles from monocytes differentiated with the classical cytokine cocktail consisting of soluble hIL-4 plus hGM-CSF ( Fig.  4B and C) . Undecorated VLP or medium alone did not induce changes in cell morphology and marker profiles (not shown).
VLP decorated with hIL-2::GPI costimulate human T lymphocytes in vitro.
To investigate the ability of membranebound cytokines to also modulate T-lymphocyte function, we prepared VLP, which we refer to as immunosomes, equipped with a surrogate TCR/CD3 complex ligand consisting of an anti-CD3ε single-chain variable fragment attached to the GPIanchored CD14 molecule (OKT3scFv::CD14) (16) . Producer cells were in addition transfected with the indicated hIL-2 fusion proteins or control vector. Figure 5A shows that graded numbers of producer cells expressing either GPI-anchored or transmembrane-anchored versions of hIL-2 in combination with the TCR/CD3 ligand induced comparable levels of T-cell proliferation as measured by [ 3 H]thymidine uptake. No stimulation was detectable with control vector-transfected producer cells. This indicates that the GPI-anchored hIL-2::GPI as well as the transmembrane versions hIL-2::TM(CD80) and hIL-2::TM(CD99) are functionally intact. In contrast, Fig. 5B shows that only VLP from hIL-2::GPI-and OKT3scFv:: GPI-cotransfected producer cells were able to stimulate T-lymphocyte proliferation in a dose-dependent manner. No T-cell proliferation was observed with VLP from hIL-2::TM(CD80)-or hIL-2:TM(CD99)-transfected producer cells coexpressing   FIG. 2 . Expression levels of GPI-anchored and type I transmembrane-linked cytokines on 293 cells. 293 cells were transfected by the calcium phosphate precipitation method with empty vector (control), hIL-2::GPI, hIL-2::TM(CD99), hIL-4::GPI, or hGM-CSF::GPI. Seventy-two hours later, transfectants were harvested, and aliquots of the transfectants (1 ϫ 10 7 cells) were treated with 100 mU/ml of PI-PLC at 37°C for 2 h. Subsequently, both PI-PLC-treated and nontreated cells (5 ϫ 10 5 ) were incubated with the hIL-2-specific mAb MQ1-17H12, the hIL-4-specific mAb MP4-25D2, and the hGM-CSF-specific mAb BVD2-21C11 conjugated with PE (Caltag, Burlingham, CA). In addition, the constitutively expressed molecules CD59 (GPI anchored) and CD99 (type I transmembrane molecule) were probed with mAbs MEM-43 and 3B2/TA8, respectively. The resulting cellular fluorescence was analyzed by flow cytometry on a FACSCalibur cytometer (Becton Dickinson). Dead cells were excluded from the analyses by means of propidium iodide staining. In the overlay histograms, the solid lines correspond to the PI-PLC-treated cells, the dashed lines the surrogate TCR/CD3 ligand (Fig. 5B) . These findings are consistent with the biochemical experiments shown in Fig. 3B and indicate that although both the GPI and the transmembrane versions of hIL-2 are functionally expressed on producer cells, only the GPI-anchored version is efficiently decorating VLP.
In the next step, we determined the biological activity of VLP-bound hIL-2::GPI with that of defined amounts of soluble hIL-2 supplementing the same amount of VLP. According to the linear parts of our titration curves, 125 ng/ml hIL-2::GPI plus OKT3scFv::GPI decorated VLP and showed a biological activity comparable to 6.2 units/ml of soluble hIL-2 supplementing OKT3scFv::GPI-decorated particles (Fig. 5B) . Thus, hIL-2::GPI-decorated VLP have a specific activity of 5 ϫ 10 4 units/mg VLP protein. In parallel, we determined the protein amounts of hIL-2::GPI on VLP by immunoblotting (Fig. 5C ). For reasons which remain to be solved in future experiments, CD54::GPI competed to some extent with hIL-2::GPI expression levels on VLP. Immunoblotting experiments (Fig. 5C ) revealed that 360 ng of hIL-2::GPI-decorated VLP plus OKT3scFv::GPI-decorated VLP expressed approximately 2 ng of hIL-2::GPI. Considering a specific activity of 1 unit per 100 pg for hIL-2::GPI also, this would correspond to a specific activity of 6 ϫ 10 4 units/mg of VLP. Thus, on a molar basis, the functional activity of particle-bound hIL-2::GPI seems to be similar to that of soluble hIL-2.
In a next step, we wanted to clarify whether hIL-2::GPI functionally synergizes with classical costimulatory or adhesion molecules on OKT3scFv::GPI-decorated VLP. Figure 5D shows that signal 1 alone (OKT3scFv::GPI) led to only a very moderate proliferative response, which was augmented more than 11-fold by the coexpression of hIL-2::GPI. Under similar conditions, additional coexpression of CD54::GPI or CD80::GPI led to an even further increase in T-cell activation (15-fold and 19-fold, respectively). In the absence of signal 1, hIL-2::GPI did not activate human T lymphocytes (not shown). Control experiments revealed that the T-lymphocyte-activating potency of OKT3scFv::GPI-plus hIL-2::GPI-or of OKT3scFv::GPI-plus CD80::GPI-plus hIL-2::GPI-decorated VLP was clearly superior to microbeads substituted with CD3 and/or CD28 mAbs or to the polyclonal T-cell-activating lectin PHA (Fig. 5D) . Importantly, immunoblotting analyses of OKT3scFv::GPI (CD14) and viral core protein p30 Gag showed that the amount of secreted particles were comparable in the various VLP preparations used to stimulate T lymphocytes (Fig. 5E) . No significant export of GPI fusion proteins, as shown by CD14 immunoblotting recognizing the OKT3scFv::GPI molecule, was detectable in the absence of MoMLV gag-pol (OGP) expression (Fig. 5E, lane 7) . mIL-2::GPI-decorating antigen-specific VLP coactivate T lymphocytes in vivo. In a final step, we sought to determine the biological activity of VLP-bound cytokines in vivo. For that purpose, P14 TCR transgenic mice expressing a TCR specific for LCMV-GP 33-41 were i.v. challenged with VLP (400 g) expressing H-2D b ::GPI along with murine ␤ 2 m and LCMV-GP [33] [34] [35] [36] [37] [38] [39] [40] [41] in the form of a minigene (16) . Such particles were also decorated with mIL-2::GPI. Amounts of mIL-2::GPI on VLP preparations were determined by immunoblotting and revealed that 2 g of VLP expresses approximately 20 ng of mIL-2::GPI (Fig. 6C) . Controls consisted of antigen-specific VLP (400 g) lacking mIL-2::GPI, which were supplemented with 2 ϫ The amounts of VLP in the various supernatants used for proliferation assays in A were determined by immunoblotting for OKT3scFv::GPI using a CD14 mAb and for viral core proteins using a p30 Gag mAb. Binding of antibodies was visualized by HRP-conjugated secondary reagents, followed by a luminol-based detection reaction (PerkinElmer). Molecular mass is indicated in kilodaltons.
activation marker CD69 on antigen-specific TRVA2 ϩ /CD8 ϩ cells. The challenge with antigen-specific VLP decorated with mIL-2::GPI elicited clear-cut CD69 expression on the majority of antigen-specific TRVA2 ϩ /CD8 ϩ cells (Fig. 6A) but not on TRVA2 Ϫ bystander cells (not shown). CD69 expression upon challenge with antigen-specific VLP expressing signal 1 alone (VLP only) or of such particles supplemented with soluble mIL-2 (2 ϫ 10 4 units), PBS plus soluble mIL-2, or PBS alone was negligible, indicating that colocalized secondary signals, e.g., those provided by membrane-bound cytokines, are clearly required to induce sustained T-cell activation with our antigenspecific VLP. Significantly, the majority of the spleen-resident, transgenic LCMV-GP 33-41 -specific CD8 ϩ T cells were activated within 18 h after challenge (78.0% Ϯ 10.4% of TRVA2 ϩ / CD8 ϩ cells were expressing CD69) (Fig. 6B) . Figure 6C shows by immunoblotting for p30 Gag that similar amounts of antigen-specific VLP were produced irrespective of whether or not mIL-2::GPI was coexpressed.
DISCUSSION
Cytokines are secreted or membrane-bound proteins that regulate the growth, differentiation, and activation of immune cells (45) . Although most cytokines are expressed in a secreted form, many of them exert their functions in a locally restricted manner. However, when they are administered systemically, adverse effects are frequently apparent (2, 18, 37, 71) . To control the pleiotropic effects of therapeutically delivered cytokines, it is desirable to target them to the preferred site of action, e.g., by attaching them to the plasma membrane of target cells (12, 17, 69, 80) . Once this is achieved, cytokines that are otherwise not well tolerated can be applied even at high concentrations (11) .
Here, we have demonstrated a procedure for targeting functionally active cytokines to the membrane surface of enveloped viruses or VLP without the need to modify viral proteins themselves. In this approach, human cytokines are targeted to lipid rafts of producer cells with the help of posttranslationally attached GPI anchors (5, 46, 73) . Since many enveloped viruses bud from the lipid rafts of infected cells and since distinct lipid-modified molecules (i.e., those with covalently linked saturated acyl chains) have the inherent tendency to accumulate in lipid rafts (39, 49, 56, 63) , whole viruses or VLP can be conveniently equipped with molecules of choice through the genetic introduction of such lipid acceptor sites. In contrast to previous attempts in which cytokines have been fused to Env molecules genetically (40, 41, 75) , we have tried to lay the ground for a more universal strategy that would be suitable for the large and phylogenetically diverse collection of enveloped viruses independent of genus-specific (envelope) proteins.
Basic research might benefit from the findings made in this paper since cytokines can be tested from now on in a relevant membrane context together with selected immune receptors, all on a reductionist platform brought about by lipid-raft-enriched viral membrane envelopes. Such platforms may open novel opportunities for the maintenance, differentiation, and activation of progenitor or immune effector cells. We have shown recently that VLP equipped with TCR/CD3 complex ligands and costimulatory molecules, so-called immunosomes, induce massive, accessory-cell-independent T-cell proliferation, which can be enhanced by coexpressed adhesion molecules (16) . Such particles are stable enough to become purified by ultracentrifugation on sucrose gradients and stored for prolonged periods of time at Ϫ80°C. The introduction of membrane-bound cytokines as signal 3 (14, 15) into such immuno- ϩ /TRVA2 ϩ /CD8 ϩ lymphocytes from three different mice within each group Ϯ standard deviation is shown. (C) Determination of mIL-2::GPI-specific protein concentration in VLP preparations. Graded amounts of soluble mIL-2 were resolved along with 2 g of the indicated VLP preparations followed by immunoblotting (IB) using either a rabbit anti-mouse IL-2-specific antiserum (Peprotech) or a rat mAb specific for p30 Gag (R187). Binding of antibodies was visualized by HRP-conjugated secondary reagents, followed by a luminol-based detection reaction (Perkin-Elmer, Boston, MA). Molecular mass is indicated in kilodaltons.
VOL. 81, 2007 VIRUSES DECORATED WITH FUNCTIONALLY ACTIVE CYTOKINES 8673 stimulatory VLP shall help to further shape lymphocyte responses. As a proof of principle, this concept was tested by us with a small collection of well-defined T-lymphocyte growth factors (1, 19, 20, 67, 70, 77, 81) in cellular activation assays. In fact, our experiments revealed that VLP-bound hIL-2::GPI costimulates T-lymphocyte activation considerably. Other cytokines, such as hIL-7::GPI and hIL-15::GPI, demonstrated a similar although somewhat weaker tendency to costimulate T cells (not shown). Moreover, cellular proliferation induced by TCR/CD3 triggering plus CD54 (ICAM-1) and/or CD80 (B7.1) was further augmented by membrane-bound hIL-2::GPI. Of significance, dose-response relationship analyses revealed that the specific functional activity of VLP-bound hIL-2::GPI is similar to that of soluble hIL-2. Parallel biochemical experiments revealed that lipid raft targeting as well as enrichment of hIL-2 on VLP were observed only when the membrane attachment of hIL-2 was brought about by a bona fide GPI anchor but not when hIL-2 was linked to transmembrane/intracellular regions of type I membrane proteins such as CD80 or CD99, although expression levels of molecules on producer cells were similar. Furthermore, immunoelectron microscopy allowed the direct assessment of targeting of hIL-2::GPI to VLP. The decoration of VLP with hIL-2::GPI was observed only when VLP were derived from producer cells that had been cotransfected with hIL-2::GPI but not with control vector. In order to clarify whether two cytokines would also synergize with each other when coexpressed on VLP, we studied membrane-bound hIL-4::GPI and hGM-CSF::GPI on VLP and contrasted the behavior of these structures with that of their soluble counterparts. IL-4 was initially identified as a B-cell growth factor (28) but is also one of the principal T-helper-2-inducing cytokines (58, 59) and has a major impact on antibody production and class switching (4) . GM-CSF belongs to the family of myeloid colony-stimulating factors and has been shown to induce a wide range of effector functions in neutrophils and monocytes (45) . The combination of IL-4 with GM-CSF has revolutionized the field of DC biology, since it opened the opportunity to generate DC from highly purified peripheral blood CD14 ϩ monocytes (55, 83) and from CD34 ϩ progenitor cells (60) . Here, we have shown that hIL-4 and hGM-CSF, when bound to the membrane of VLP, have a similar potential to generate DC compared to their soluble counterparts. This indicates that the colocalization of more than one cytokine on the VLP surface does not necessarily compromise their individual function. GPI-anchored cytokines may allow us to choose among the immune effector mechanisms to be enhanced in the future, e.g., during vaccination, in order to foster protective immune responses and at the same time to minimize unfavorable ones. With this approach, the antigenic stimulus and the immunomodulatory influence of the "adjuvant" are colocalized and hence should maximally synergize. To directly test the immunomodulatory capacity of membrane-bound cytokines in vivo, we i.v. challenged P14 TCR transgenic mice with antigenspecific VLP expressing LCMV-GP [33] [34] [35] [36] [37] [38] [39] [40] [41] in the context of H-2D b ::GPI in the presence or absence of mIL-2::GPI. Antigen-specific VLP lacking mIL-2::GPI but supplemented with a comparable concentration of soluble mIL-2 (2 ϫ 10 4 units) or with PBS alone or PBS supplemented with soluble mIL-2 were used as controls. In fact, clear-cut activation of TRVA2 ϩ / CD8 ϩ T lymphocytes, as measured by CD69 expression after 18 h, was observed only in splenocytes of mice that had been challenged with antigen-specific VLP coexpressing mIL-2::GPI. In contrast, only negligible CD69 expression on a small fraction of TRVA2 ϩ /CD8
ϩ lymphocytes was observed in splenocytes of mice that had been challenged with antigen-specific VLP supplemented with soluble mIL-2. The in vivo results show two important findings: (i) VLP-bound cytokines are also functionally active in vivo, and (ii) colocalization of the cytokine with the antigen of interest enhances antigen-specific immune responses. Future experiments using a collection of whole viral envelope proteins as model antigens will have to characterize the potential of VLP-bound cytokines as adjuvants in further detail.
In addition, GPI-anchored immunomodulators might also serve as novel components for the improvement of viral gene transfer (10, 44, 47, 72) . In the past, soluble growth factors have been shown to increase gene transfer rates of retroviruses for hematopoietic stem cells (33) . Furthermore, antibody fragments and cytokines fused to N-terminal sequences of viral envelope proteins were demonstrated to improve the targeting efficiency of retroviruses/lentiviruses (41, 68, 75) . Those strategies required the direct manipulation of the respective viral envelope proteins in order to target viruses to their host cells. In contrast, immunomodulators bound to the viral lipid bilayer envelope via GPI anchors could theoretically be introduced into any enveloped virus particle (40, 41, 75) without the need to directly manipulate viral sequences. In fact, the coexpression of a GPI-anchored anti-CD3 single-chain variable fragment (scFv) on MoMLV-or human immunodeficiency virusbased viruses was found to significantly increase their transduction efficiency (V. M. Leb et al., unpublished data). Consequently, cytokines fused to GPI anchors might also be combinable with envelope proteins, including those not native to the viral strain used for transduction. This might be especially attractive for gene delivery into cell types, such as primary T lymphocytes, which ideally should not become activated by the transfection procedure (74) .
